T he III-nitride semiconductors have attracted much attention in recent years due to the large-scale tunable direct band gap (0.7-6.2 eV). 1) Some of them are already used in optoelectronic devices, such as high brightness light-emitting diodes and short-wavelength laser diodes, as well as high power/high frequency electronic devices.
2) Among III-nitride semiconductors, InN has the smallest electron effective mass, the largest mobility, the highest peak and saturation electron drift velocities, and the smallest direct band gap.
3) So far, InN has not been investigated among III-nitrides because of its low dissociation temperature and high dissociation pressure.
One-dimensional semiconductor nanostructures have become a subject of intense research, because of their importance in the understanding of the fundamental properties of low-dimensional systems, as well as in potential nanodevice applications.
4) The vapor-liquid-solid (VLS) growth mechanism is widely used in fabricating quasi-onedimensional semiconductor nanostructures.
5) The resulting semiconductor nanowires have metal or alloy droplets on their tips which work as nanocatalysts to define the geometry and direct the growth orientation. 6) However, reports on the VLS growth of one-dimensional InN nanostructures are very few. [7] [8] [9] [10] [11] The reports of Au nanoparticles as the catalyst for VLS growth mainly involved depositing an ultrathin Au film on a substrate. However, we reveal that the density of Au nanoparticles deposited by this way is too high to grow high-quality InN nanowires. No nanowire was observed on the untreated Au film coated substrate. This problem can be solved by sonicating the Au film coated substrate to reduce the density of Au nanoparticles. In this paper, we demonstrated another approach that enabled the VLS growth of InN nanowires on a Au film coated substrate. The growth direction of InN nanowires by this method is h0 111i, which is reported for the first time. Combining this method with another method that we previously reported, 12) we can tune the growth direction of InN nanowires among h0001i, h10 10i, or h0 111i. Indium nitride nanowires were synthesized in a homemade programmed chemical vapor deposition (CVD) system. Indium powder (99.99%) was sprinkled on a quartz boat. Si(100) substrate with 2 nm gold film coated by electron beam evaporation was subsequently deposited an indium thin film by pulsed laser deposition at 2.9 Pa with a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Nimma-800). The substrate was positioned face-down on the top of the quartz boat and loaded into the central zone of a 2-in. quartz tube which was housed in a tube furnace CVD system. The quartz tube was degassed to 1 Â 10 À2 Pa and then purged with ammonia to 1 atm. The flow rate of ammonia was set at 5 sccm, and the quartz tube was heated to 525
C at an elevation rate of 30 C/min and kept at this temperature for 9 h. The sample was unloaded after the quartz tube was cooled to room temperature naturally.
The morphology, microstructure and composition of the samples were systematically characterized using scanning electron microscopy (SEM; FEI Quanta 400FEG), transmission electron microscopy (TEM; Tecnai G2 F20 S-Twin), micro-Raman spectroscopy (Labram HR800 UV NIR), and energy-dispersive spectroscopy (EDS; EDAX Apollo40 SDD).
The as-grown sample (sample 1) characterized by SEM can be seen in Fig. 1(a) which reveals that nanowires grew in bunches, as reconfirmed by the high-magnification micrograph in Fig. 1(b) . The cause of this morphology is the nonuniformity of the deposited indium. Areas deposited with appropriate indium favor InN nanowire growth.
TEM studies indicate that the nanowires feature nanoparticles at one end, as shown in Fig. 2 . The tapered nanowires hint that indium diffused from the substrate to the liquid-solid interface. Indium atom density decreases gradually from the substrate to the interface. The diameters of the nanowire bases are even larger than the catalyst diameters, because the indium atom density near the substrate is high enough to facilitate the vapor-solid (VS) growth of nanowire sidewalls. EDS measurements were performed on the nanoparticle tip and the stem of a single nanowire. Typical results shown in Fig. 2 reveal that the nanoparticle tip contains Au while the stem does not, which definitely implies a VLS growth mechanism. Both the nanoparticle tip and the stem contain Si, which is unexpected. We ascribe this to the Si substrate and the predeposited indium. Gallium can etch Si and form an alloy with it. 13) We propose that indium also has this behavior. The predeposited indium etched Si by forming an alloy with it and Au. Si in the nanoparticle tip and the stem came from the diffusion of Si in the In-Au-Si alloy. High-resolution TEM (HRTEM) image of the stem of a nanowire is illustrated in Fig. 3 . It can be seen that the nanowire exhibits high-quality single-crystal structure. The inset of Fig. 3 shows a selected-area electron diffraction (SAED) pattern of the nanowire, which can be indexed to the reflections of hexagonal InN crystal along the h1 21 3i direction. The corresponding HRTEM image clearly shows the lattice plane of ð0
111Þ with an interplanar spacing Ã E-mail address: gscheng2006@sinano.ac.cn of $0:27 nm. The h0 111i direction is parallel to the long axis of the nanowire, which indicates that the nanowire grows along h0
111i. The cause of the growth direction modification of InN nanowires was investigated. We realized that, for the VLS growth of a nanowire, if its diameter is large enough, the nanowire is apt to choose a growth direction that makes the liquid-solid interface energy the lowest. 12) For wurtzite InN, (0001), ð10 10Þ, and ð0 111Þ are the most close-packed planes, which indicates that they are likely to be the lowest energy density crystal faces. As we know, (0001) is terminated with indium atoms, ð10
10Þ is terminated with indium atoms and nitrogen atoms, and ð0
111Þ is terminated with nitrogen atoms, so the energy density order is ð0001Þ < ð10 10Þ < ð0 111Þ. InN nanowires with the growth directions of h0001i and h10 10i were both reported. 11, 14) We intepreted that InN nanowires grew along h10 10i, as ð10 10Þ has unsaturated nitrogen atoms that absorb indium atoms and form covalent bonds with them under indium-rich atmosphere, which makes ð10 10Þ become the lowest energy density plane. Most likely, InN nanowires with the ð0 111Þ growth direction could comply with similar growth regulations, as ð0 111Þ also has unsaturated nitrogen atoms and indium is much richer under this growth condition.
Room-temperature back-scattering micro-Raman spectrum is presented in Fig. 4 . Three active modes A 1 (TO) (448 cm À1 ), E 2 (high) (492 cm À1 ), and A 1 (LO) (570 cm À1 ) of hexagonal wurtzite InN are observed, and the redshift of A 1 (LO) relative to reported results, 15, 16) may be attributed to the lower branch of the large-wave vector A 1 (LO)-phononplasmon (A 1 -LPP) coupled mode as explained in ref. 4 .
We have also carried out a control experiment. In this experiment, a Au-Si(100) substrate with no indium deposition was used as the substrate while other process parameters were the same as the aforementioned. A SEM image of the as-grown sample (sample 2) is shown in Fig. 5 which reveals that nanoparticles rather than nanowires have been obtained. Further investigations on this phenomenon will offer us more freedom to utilize VLS growth. The prerequisite for VLS growth is that the catalysts should be liquid. From the In-Au phase diagram, we find that the indium composition should be larger than 28% if we want the In-Au to be liquid at 500 C. 17) When indium was used as the source for growing InN nanowires without predepositing indium on the Au-Si substrate, due to the low saturated vapor pressure of indium under the growth temperature, the formed In-Au alloy is still solid and cannot work as a catalyst. Although indium saturated vapor pressure increases as temperature increases, which leads to high indium composition of In-Au alloy catalyst, due to the very low dissociation temperature (500-600 C) of InN, growth temperature cannot be raised high enough. 10) When indium was predeposited on a Au-Si substrate, indium composition was high enough for forming In-Au liquid alloy catalyst. Besides, silicon etched by indium also form alloy with In-Au, so that In-Au-Si alloy with much lower melting point formed. One part of predeposited indium formed alloy with Au nanoparticles and silicon while the residual part diffused to the liquid alloy catalyst. The part that diffused to the liquid alloy catalyst reacted with NH 3 so that InN nanowires were formed. The nanowires are tapered as shown in Fig. 2 , which definitely proves the direction that indium atoms diffuse.
In conclusion, we reported a convenient method to enable the VLS growth of InN nanowires via predepositing indium on a Au coated Si(100) substrate. TEM, EDS, and Raman characterizations reveal that these InN nanowires have a single crystalline wurtzite structure and grow along h0
111i. Control experiments demonstrate that InN nanowires failed to grow without predepositing indium. These nanowires are tapered, which reflects the diffusion of predeposited indium from the substrate to the liquid alloy catalyst.
